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1. Introduction
Invertebrates faced with the challenge of alternating 
seasons have frequently evolved developmental plasticity 
as an adaptive response to the temporal variation in the 
environment (Shapiro 1976; Gotthard and Nylin 1995; Nylin 
and Gotthard 1998). Cycles in the environment often reﬂ ect 
one season that is more favourable in terms of resources, and 
one that is more stressful. In many extreme cases, such as 
can be associated with hot summers and cold winters in the 
temperate regions, the responses of organisms involve direct 
development alternating with some form of strict diapause. 
Such a strategy is also frequent in the wet-dry tropics. 
However, some organisms including many Nymphalid 
butterﬂ ies remain at least potentially active as adults in 
successive generations that cover the whole annual cycle 
(Brakeﬁ eld and Larsen 1984; Brakeﬁ eld 1987; Reitsma 
and Brakeﬁ eld 1991; Brakeﬁ eld 1997). Adult butterﬂ ies 
of species belonging to the genus Bicyclus (Nymphalinae; 
subfamily Satyrinae), found in the wet-dry regions of 
East Africa, exhibit a striking mode of developmental 
plasticity. Known as seasonal polyphenism, these species 
have alternating generations of a wet season form and a 
dry season form distinguishable by their different wing 
patterns (Windig et al 1994; Roskam and Brakeﬁ eld 1999). 
Butterﬂ ies with closely similar life cycles and seasonal 
forms are found on the Indian subcontinent including many 
species of the closely related genus, Mycalesis (Brakeﬁ eld 
and Larsen 1984; Braby and Jones 1995; Brakeﬁ eld and 
Roskam 2006).
Here we ﬁ rst brieﬂ y review earlier work on seasonal 
polyphenism in Bicyclus butterﬂ ies that has examined the 
environmental, genetic and physiological mechanisms 
which underpin the developmental plasticity in wing pattern 
as well as the ways in which natural selection favours the 
alternating phenotypes. This was achieved by a combination 
of ﬁ eld studies on a community of species of Bicyclus 
in Malawi and of laboratory studies using B. anynana. 
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We focused on interactions between the environment of 
development in early life and that of the adult organism, and 
on placing laboratory work on a model species in the context 
of knowledge about ﬁ eld ecology. 
This work revealed that the phenotypic plasticity extends 
to many traits other than those directly concerning the wing 
pattern. These include the key life history traits involved in 
pre-adult development and in adult reproductive biology. 
This led us to a new focus on the wide difference between 
the seasonal forms in adult lifespan; whereas the wet season 
form butterﬂ ies mate and lay eggs directly after adult eclosion 
in the rains, those of the dry season form emerge around the 
end of the rains and must then survive many months before 
they can reproduce with the onset of the next rains. There are 
thus two highly divergent adult life histories and behaviours, 
one associated with a favourable environment, and the 
other with a more stressful environment. The plasticity in 
these species of butterﬂ y represents adaptive responses to 
seasonal differences both in terms of resting background and 
predation, and in the distribution through time of adult and 
larval food resources; there is a disruptive pattern of natural 
selection involving different ecological challenges. Our 
recent studies based on laboratory stocks of a single species, 
B. anynana, are also central to the use of this new model 
system in research on the evolution of ageing and, more 
speciﬁ cally, on the mechanisms that underlie variation in 
rates of ageing (Brakeﬁ eld et al 2005; Leroi et al 2005). 
In addition, we have begun to investigate in detail the 
basis of variation in another key adult life history trait in this 
system, namely adult starvation resistance. This is likely to 
be of paramount importance to survival of adults of the dry 
season form that must feed opportunistically on temporally 
and spatially scarce fruit falls in their woodland environment. 
Under such conditions of nutritional stress, natural selection 
is likely to favour butterﬂ ies more able to survive extended 
periods of adult starvation. Work in other invertebrates, 
especially Drosophila melanogaster, has suggested that 
variation in adult starvation resistance and longevity are 
likely to share some regulatory mechanisms (see Rose et al 
1992; Bubli and Loeschcke 2005; Baldal et al 2006) but it 
has not enabled examination of the evolution of these traits in 
such a clear ecological context as is possible in Bicyclus. 
Studies of species of Bicyclus that live in wet-dry seasonal 
environments are attempting to unravel the interactions 
between the processes of developmental plasticity as cued 
in larvae and pupae with those involved in acclimation to 
different or changing environments in the adult stage itself. 
We end this paper by presenting a life history model that 
links mechanisms of developmental plasticity and of plastic 
responses involved in acclimation within an overall picture 
of how species of Bicyclus and other organisms are able 
to adapt to the challenges of survival and reproduction in 
different seasons.
2. Seasonal polyphenism in Bicyclus butterﬂ ies
2.1 Natural selection
The seasonal forms of Bicyclus butterﬂ ies differ dramatically 
in color pattern on their ventral wing surfaces (Fig 1B). 
These are exposed to predators when the butterﬂ ies are at 
rest or feeding on fallen fruit (Windig et al 1994). In each 
polyphenic species, the dry season form is a more or less 
uniformly brown insect whilst butterﬂ ies of the wet season 
form have a series of eyespots near the wing margins and 
a pale medial band across both forewing and hindwing. 
Similar differences are also found in other satyrine genera 
(the ‘brown’ butterﬂ ies) in both the old and the new world 
(sub)tropics and led to the formulation of a hypothesis about 
how natural selection works (Brakeﬁ eld and Larsen 1984). 
The essential idea is that selection in the dry season favours 
a comparatively inactive or quiescent life style in which 
butterﬂ ies spend most of their time at rest on brown leaf litter. 
They rely on background matching and crypsis to survive 
the long dry season before they can reproduce at the onset 
of rains, laying eggs on newly green and growing grasses. 
In contrast, butterﬂ ies of the wet season form are active and 
reproduce quickly, and rely on marginal eyespots as active 
deﬂ ection devices against vertebrate predators (Brakeﬁ eld 
and Larsen 1994; Stevens 2005). Mark-release-recapture 
experiments with B. saﬁ tza in the ﬁ eld in Malawi have used 
both releases of cohorts of each seasonal form and releases 
of the dry season form with painted-on eyespots to provide 
strong support for this hypothesis, especially with respect to 
the absence of the eyespots in the dry season environment 
(Brakeﬁ eld and Frankino 2007). It has proved much more 
difﬁ cult to provide unequivocal support for the deﬂ ective 
function of marginal eyespots in the wet season (Lyytinen et 
al 2004; Vlieger and Brakeﬁ eld 2007); experimental support 
to date only involves predator attacks by naïve birds.
2.2 Environmental cues
Adaptive developmental plasticity can only evolve in 
conjunction with a dependable environmental cue during 
development that predicts the environment likely to be 
experienced by a later stage (usually the adult; see Brakeﬁ eld 
and Frankino 2007). In the case of seasonal polyphenism, all 
individuals in a population have the capacity at fertilization 
to develop both alternative forms; a single genotype can 
follow either of the two developmental paths (ﬁ gure 1A). 
In the case of Bicyclus butterﬂ ies in Malawi, environmental 
temperature during the larval stage, especially when nearing 
pupation, acts as the major cue. Temperature is high 
throughout the early and middle parts of the wet season 
when the two generations of the wet season form of B. 
anynana are developing (ﬁ gure 1B). It then declines when 
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the cohort of larvae, that will produce the dry season form, 
are growing at the transition from the warm wet season to 
the cool dry season (Brakeﬁ eld and Reitsma 1991; Windig 
et al 1994). Similarly, in the laboratory, the alternative wing 
pattern phenotypes are obtained using split broods reared 
either at high or low temperatures, respectively (Kooi and 
Brakeﬁ eld 1999). 
Interestingly, intermediate temperatures in the laboratory 
induce intermediate phenotypes but these occur only at a 
rather low frequency in the ﬁ eld (Windig et al 1994). The 
Figure 1. Seasonal polyphenism and the life cycle of Bicyclus butterﬂ ies in East Africa. (A) Scheme showing the basic components 
of developmental plasticity in which two alternative seasonal forms (adult phenotypes 1 and 2, PHEN.1, PHEN. 2) can be produced 
by development from a single genotype (GEN. I). An environmental cue for the adult environment acts via physiological mechanisms 
to modulate the pathway of development (i or ii) leading to phenotypic plasticity (PP) in the adults. Natural selection yields a higher 
relative ﬁ tness for each phenotype or seasonal form in the environment (A or B) in which it spends most of its adult life. (B) A wet-dry 
seasonal cycle. A dry season is followed by a wet season (brown and green, respectively). Two generations of the wet season form with 
conspicuous eyespots occur in each rainy season (see ﬁ gure 5B). Larvae of both of these cohorts develop at high average temperatures. The 
second generation of the wet season form lays eggs before the grass food plants die out, and the larvae develop at progressively declining 
temperatures. This cohort produces the generation of the dry season form without eyespots that persists through the period of low rainfall 
(from Brakeﬁ eld et al 2005).
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reaction norms of wing pattern traits on rearing environment 
in the laboratory are linear and continuous in form with the 
alternative phenotypes of the seasonal polyphenism resulting 
from more or less discrete environments at the times of larval 
development in the ﬁ eld (Brakeﬁ eld and Mazzotta, 1995). 
Our overall data on variability in the environment indicate 
that the fundamental parameter of relevance to how an 
individual larva interprets the environment is developmental 
time rather than temperature per se. Developmental time is 
highly dependent on ambient temperature (Brakeﬁ eld and 
Kesbeke 1997) but is also inﬂ uenced by other variables such 
as the quality of the grasses the larvae feed on (Kooi et al 
1998). Primary cues other than temperature may be involved 
in regions where there are very different relationships 
between this variable and the seasonality of the ecological 
environment (Roskam and Brakeﬁ eld 1999).
2.3 The role of genes and hormones in wing patterning
As in other species of butterﬂ y, the seasonal polyphenism 
in Bicyclus is regulated by hormones (Nijhout 1999). 
The dynamics of ecdysteroid hormones immediately 
following the larval-pupal moult is crucial in B. anynana. 
Measurements of hormone titers in haemolymph taken 
at different developmental stages of each seasonal form 
demonstrate a later build-up of 20-hydroxyecdysone in 
pupae of the dry season form. Moreover, micro-injections or 
diffusion of ecdysone into young pupae that were reared as 
larvae at low temperature (and thus destined to be adults of 
the dry season form) induces development of larger marginal 
eyespots and a broader medial band as characterize the wet 
season form (Koch et al 1996; Brakeﬁ eld et al 1998; Zijlstra 
et al 2004). 
Artiﬁ cial selection on variation in eyespot size in adults 
raised from larvae reared at an intermediate temperature 
has eventually resulted in a HIGH-line that produces only 
the wet season form with large eyespots across all rearing 
temperatures and a LOW-line with the dry season form with 
no eyespots (Brakeﬁ eld et al 1996). Interestingly, these 
lines when raised in a common temperature environment 
show a difference in the dynamics of ecdysone release 
following pupation which parallels that in pupae of the 
alternative seasonal forms (Brakeﬁ eld et al 1998). Thus, 
some of the 5-10 polymorphic genes estimated to underlie 
the divergence of the HIGH- and LOW-lines probably play 
a role in hormone physiology (Wijngaarden and Brakeﬁ eld 
2000). These hormones are in turn involved in regulating the 
developmental machinery of eyespot formation that includes 
genes of the Hedgehog signaling pathway and the production 
of morphogen signals by eyespot organizers in the pupal 
wings (Brakeﬁ eld et al 1996; Beldade and Brakeﬁ eld 
2002). Thus the physiological mechanisms provide a bridge 
between the sensing of the environment in late larvae and the 
developmental pathway of wing pattern formation in early 
pupae. Future research will begin to map and identify the 
genes, and to examine in detail how the hormones modulate 
the expression of the developmental genes.
3. Plasticity in other adult traits in Bicyclus butterﬂ ies
The ecdysteroid hormones that regulate the developmental 
plasticity in the ventral eyespots are also involved in the 
regulation of growth and metamorphosis, thus providing 
the potential for direct interactions between wing pattern 
formation and life history traits, especially in the pre-adult 
stages (Zijlstra et al 2004). It is also becoming clear that a 
suite of reproductive, metabolic, life history and behavioural 
traits in adult Bicyclus butterﬂ ies are associated with the 
wing pattern polyphenism. There are undoubtedly complex 
interactions among the mechanisms of hormone regulation 
and intermediary metabolism, and the bases of different 
types of tradeoff, such as those involving survival and 
reproduction (see Harshman and Zera 2007). However, 
whilst the adult wing pattern of butterﬂ ies like Bicyclus 
is irreversible once pattern determination has occurred in 
early pupae, many metabolic and life history traits of the 
adult stage are more facultative in terms of their regulation; 
here the major regulatory role is likely to be played by 
juvenile hormone, and also insulin signalling (Nijhout 1999; 
Harshman and Zera 2007).
3.1 Plasticity in reproductive traits
The wet season form adults in the ﬁ eld show rapid 
reproduction that commences very soon after adult eclosion. 
In contrast, butterﬂ ies of the dry season form in Malawi 
show delayed reproduction and quiescent behaviour for 
many months (Brakeﬁ eld and Reitsma 1991). Acclimation 
to the increase in temperature that occurs towards the end 
of the cool dry season appears to induce a switch from a 
metabolism based on fat body accumulation and inactive 
gonads to one involving utilization of energy reserves and 
an active courtship and reproductive behaviour. 
The size of the eggs of B. anynana shows phenotypic 
plasticity (ﬁ gure 2). Thus, when females reared in the 
laboratory at cool or warm temperatures, as experienced in 
the ﬁ eld by larval cohorts of the dry or wet season form, 
begin to oviposit, they lay larger (but fewer) or smaller 
eggs, respectively (Fischer et al 2003a, b). By also using 
cross-transferring of females among low or high oviposition 
temperatures it is clear that they then acclimatize over about 
10 days and change their egg size to that characteristic of the 
prevailing environment. Thus the effects of developmental 
temperature are largely reversible. This illustrates how 
adult life history traits can depend on complex interactions 
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between pre-adult and adult environments, or between 
developmental plasticity and acclimation. Uncovering the 
extent to which the underlying mechanisms for both sets of 
responses in egg size are shared will be fascinating (Pijpe 
et al 2006). This type of research problem emphasizes the 
premium on combining an ability to work on an organism in 
the laboratory with knowledge about its ecology in the ﬁ eld. 
3.2 Plasticity of life history traits in response to stress
The ability to tolerate a period of prolonged deprivation of 
food resources is termed starvation resistance. Nutritional 
stress is likely to be crucial for all organisms that live in 
highly seasonal environments. Although ﬁ eld data are still 
required from East Africa, we believe that in the dry season 
environment of Bicyclus butterﬂ ies, periods of limited access 
to their adult food of rotting fruit are a frequent challenge 
(see Brakeﬁ eld and Reitsma 1991; Molleman et al 2005). 
The butterﬂ ies can move around locally but availability of 
food depends on when and where trees drop their ripe fruit. 
This will result in a patchy distribution of food resources in 
both time and space, especially in the middle part of the dry 
season, thus favouring a high level of starvation resistance. 
Butterﬂ ies collected in the middle of the dry season show 
high fat body reserves and have inactive reproductive tracts 
(Brakeﬁ eld and Reitsma 1991). In contrast, food resources of 
fallen fruit are universally available during the warm, humid 
wet season when a rapid reproduction and corresponding 
metabolism are observed. 
Starvation resistance was compared for butterﬂ ies of the 
two seasonal forms reared in the laboratory from larvae of 
the stock population raised at high or low larval temperatures, 
and from larvae of the HIGH- and LOW- selected lines 
as described above and reared at both temperatures (Pijpe 
Figure 2. Variation in egg size in B. anynana. (A) A female having just laid an egg on the underside of a leaf of Oplismenus grass (photo: 
IJ Saccheri). (B) Groups of large and small eggs laid by butterﬂ ies from lines artiﬁ cially selected for egg size (Fischer et al 2006). (C) 
Effects of rearing and adult temperatures (ﬁ rst temperature given is that in development, the second, for adults) on egg size (mean with SE). 
Females were reared at 20˚ or 27˚C and then kept at these temperatures for 2-6 days before being mated at 23˚C over 2 days before egg 
laying at 20˚ or 27˚C. The data clearly show both developmental plasticity and acclimation (from Fischer et al 2003b).
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et al 2007). The latter groups consistently have wing 
patterns similar to the wet season form or dry season 
form, respectively; they represent different ‘seasonal form 
genotypes’ whereas the stock butterﬂ ies represent the wild 
type genotype that shows developmental plasticity. Whatever 
the source of the butterﬂ ies, they live at least twice as long 
under starvation at low adult temperature when compared to 
high temperature (18 and 27˚C, respectively). 
The comparisons also clearly show that starvation 
resistance is a component of the phenotypic plasticity 
in B. anynana. Thus, the dry season form genotype (i.e. 
from the LOW-line) has a higher starvation resistance 
following development at a low temperature. However, the 
‘natural’ dry season form as reared from the stock at the low 
temperature shows reduced starvation resistance relative to 
those of the wet season form reared at high temperature. 
Measurements of resting metabolic rate (ﬁ gure 3A) show a 
strong association with starvation resistance and offer one 
possible explanation for this apparent paradox since larvae 
at cool temperatures (when they risk food deprivation in 
the wild) may need to raise their metabolism to complete 
development. The higher resting metabolic rates and 
lower starvation resistance of the dry season form adults 
which emerge following low rearing temperatures may 
then reﬂ ect a consequence of this requirement in larvae. 
Other explanations, for example involving tradeoffs with 
reproductive output are also possible (see ﬁ gure 3B), but 
whatever the details, the net result of all the effects is an 
increased starvation resistance in the cool dry season, the 
environment in which this matters (Pijpe et al 2007). 
In addition to the differences in patterns of food 
availability across the seasons, the average life span of dry 
season butterﬂ ies which successfully reproduce is much 
longer than in the wet season form. Thus only females that 
survive the seven months or so of the dry season in Malawi 
can lay eggs and reproduce. The majority of males of this 
form probably also mate towards the end of the dry season. 
However, some of the females may mate soon after eclosion 
with surviving wet season form males (or possibly with 
early eclosing males of their own cohort), and then show 
sperm storage over the main dry season until oviposition 
can begin many months later with the rains (see Brakeﬁ eld 
and Reitsma 1991; Windig et al 1994). The success of these 
matings early in the dry season will then depend on patterns 
of multiple mating in early and late adult life and on sperm 
competition (see Brakeﬁ eld et al 2001). It is also important 
to note that whilst most butterﬂ ies of the wet season form in 
Malawi will only experience the favourable conditions of 
the wet season, nearly all successful adults of the dry season 
form experience not only a long, cool dry season but also the 
transition to a warmer more humid wet season environment. 
It remains a challenge for us to be able to mimic the changes 
in the physiology, metabolism and life history of butterﬂ ies 
of the dry season cohort in the ﬁ eld through manipulation of 
conditions in the laboratory.
Longevity and starvation resistance are known to have 
complex links in other invertebrates (e.g. Rose et al 1992; 
Bubli and Loeschcke 2005; Baldal et al 2006). We have, 
therefore, initiated a study of the evolution of these key 
life history traits in laboratory populations of B. anynana. 
This work has used artiﬁ cial selection as a major tool to 
obtain replicated populations with novel phenotypes for 
these traits, and then used the resulting lines to explore 
the mechanisms that underlie the phenotypic divergence 
as well as the ﬁ tness consequences. Selection experiments 
on stress resistance traits have become popular, for example 
because they may reveal processes important in responses to 
climate change (e.g. Hoffman et al 2003). However, they are 
not without controversy because they have limitations for 
making interpretations at the physiological or evolutionary 
levels. Responses to selection can be stock-, replicate-, and/
or environment-dependent, and observations of correlated 
responses can be equally variable (e.g. Partridge et al 1999; 
Harshmann and Hoffmann 2000; Bubli and Loeschcke 2005). 
Nevertheless, when used carefully, and especially in a clear 
ecological context, such experiments can provide important 
background information and generate new hypotheses about 
physiological and evolutionary processes.
3.3 Artiﬁ cial selection on adult longevity and 
starvation resistance
We have selected on adult longevity of B. anynana in a 
laboratory environment with warm, favourable conditions 
comparable to the wet season environment in the ﬁ eld (J 
Pijpe, P M Brakeﬁ eld and B J Zwaan in preparation). The 
target of selection was long-lived male butterﬂ ies that 
remained able to mate successfully. After ﬁ ve generations 
of selection there were increases in median lifespan. Perhaps 
more interesting in the present context was that there 
were several correlated responses consistent with a shift 
in this wet season environment to a more dry-season-like 
phenotype involving other life history and reproductive 
traits. Thus pre-adult developmental time was extended, 
and females at early reproduction laid larger but fewer eggs. 
The complexity of the response to selection is probably 
because although we targeted longevity directly, it was not 
independently of reproduction; we screened for males that 
were both long-lived and mated in later life as in the life 
history of dry season form adults in the ﬁ eld (although much 
of their extended lifespan occurs in a cooler environment). 
In other words, our selection for longevity has apparently, 
at least in part, targeted the same pathways regulating the 
developmental plasticity that has evolved as a response to 
the seasonal cycle in favourable and stressful environments 
(J Pijpe et al in preparation). 
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Figure 3. In the laboratory, dry season and wet season forms of B. anynana can be obtained by rearing the larvae and pupae at a cool (15˚-
20˚C) or warm (24-27˚C) temperature, respectively (see ﬁ gure 5B). This phenomenon involves divergent wing patterns, but also differences 
in numerous physiological and life history traits. (A) For example, the resting metabolic rate measured under wet season conditions is 
positively correlated with adult body weight (F
1,379
=298.5, P<0.0001), but for equal adult mass, the metabolic rate of females developing at 
20˚C and representing the dry season form is higher than that of wet season form developing at 27˚C (F
1,379
=81.7, P<0.0001). Regression 
lines are shown with 95% CIs. (B) In addition, developmental temperature signiﬁ cantly affects the reproductive output of females. For 
both early and late reproduction (mean values with SEs), a signiﬁ cant interaction is present between developmental (Dev) temperature 
and adult (Ad) temperature (F
1,619
=37.5, P<0.0001 and F
1,506
=10.8, P<0.01, respectively). In early reproduction, wet season females 
produce signiﬁ cantly more larvae than dry season females under wet season conditions (F
1,329
=31.6, P<0.0001). This pattern is the more 
striking because dry season females are, on average, larger, and body size is positively correlated with reproduction. This pattern in early 
reproduction is reversed under dry season conditions (F
1,290
=8.5, P<0.01), but the difference between the groups is much smaller. The higher 
metabolic rate of dry season females could enable them to more readily produce eggs at lower temperatures. In late reproduction, dry season 
females produce more larvae under wet season conditions than wet season females (F
1,250
=5.0, P<0.05), while the reverse is true under dry 
season conditions (F
1,256
=5.8, P<0.025). Moreover, it is striking that under wet season conditions, reproductive output of wet season females 
decreases rapidly with time compared to all other groups. Indeed, the total reproductive output is not signiﬁ cantly different for the seasonal 
forms under dry season conditions (F
1,290
=0.04, P<0.84), nor under wet season conditions (F
1,329
=3.0, P<0.08). Taken together this indicates 
that the pattern of reproduction rather than the total reproductive output is involved in the phenotypic plasticity of these butterﬂ ies.
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Selection for increased starvation resistance in the absence 
of adult food (but not of water) is much more straightforward 
and quicker to perform than that for increased longevity so 
that our two selected lines are older and have shown more 
substantial evolution (Pijpe J, Brakeﬁ eld P M and Zwaan 
B J, unpublished results). Selection was performed over 
17 generations, and in a warm wet season environment in 
terms of the abiotic variables. Median survival increased 
progressively and dramatically over the course of selection, 
as shown for males in ﬁ gure 4. There were also striking 
accompanying changes in adult lifespan under conditions 
of normal feeding, with longevity up to 50% higher than in 
unselected controls. Males of these lines also demonstrate 
a more prolonged mating success under conditions of food 
deprivation than those of the unselected stock (J Pijpe 
et al, in preparation). Other changes in the selected lines 
included an increase in absolute fat content, and in females, 
a higher body mass and longer developmental time. Female 
reproduction was also modiﬁ ed in the direction of a lower 
fecundity but larger eggs whereas males (but not females) 
had a lower resting metabolic rate. Thus females appear 
to have responded to selection principally through higher 
energy reserves and a thrifty phenotype in terms of allocation 
of resources to a durable body. In males there appears to be 
a more prominent role for a changed metabolism resulting in 
more conservation of resources.
The ﬁ nding that artiﬁ cial selection for starvation 
resistance yields a phenotype that is both more starvation 
resistant and longer lived suggests a substantial genetic 
correlation between these traits. The selection lines represent 
novel genotypes that can provide an excellent basis to study 
the genetic and physiologic bases of variation in lifespan 
and stress resistance, as well as the role of quiescence 
and phenotypic plasticity in the evolution these traits. We 
have begun to use RTqPCR to explore the genetic basis of 
the response to artiﬁ cial selection for starvation resistance 
(J Pijpe, N Pul, S van Duijn, P M Brakeﬁ eld and 
B J Zwaan, unpublished data). We expected selection line 
butterﬂ ies to have increased the expression of genes that 
promote survival through enhanced resistance against 
cellular oxidative stress. We, therefore, investigated the 
expression of several candidate genes involved in anti-
oxidative defence processes in males at various ages under 
‘normal’ ad lib food conditions and under starvation. The 
results indicate that the genes, SOD2 and Catalase, are 
involved in the response to selection for increased starvation 
resistance. Furthermore, the results suggest that SOD2 
is involved in the genetic correlation between starvation 
resistance and longevity.
In a similar way to the outcome of the artiﬁ cial selection 
in increased male longevity, our ﬁ ndings suggest that 
we selected for a quiescent phenotype that resembles 
the long-lived dry season form as induced by cool larval 
temperatures whether in the laboratory or the ﬁ eld. Thus, 
the genetic variation for lifespan and stress resistance in 
these populations appears to be involved in coordinating the 
whole life history of the species including the adaptation to 
alternative seasonal environments. This strongly supports 
interactions between phenotypic plasticity and the regulation 
of stress resistance and lifespan. It will prove fascinating to 
determine the extent to which this phenomenon involves 
the same underlying gene networks and pathways as those 
involved in the developmental plasticity induced by the 
alternative larval environments. 
Figure 4. Responses in the longevity of male B. anynana following artiﬁ cial selection for increased starvation resistance in adult 
butterﬂ ies. The survival curves for cohorts from two selected lines (SR1 and SR2) are measured relative to unselected controls (Stock) 
under conditions of (A) adult starvation, and (B) of optimal (ad lib) feeding from the time of adult eclosion. Females in the same cohorts 
showed comparable differences in their survival curves (from Pijpe J, Brakeﬁ eld P M and Zwaan B J, unpublished results ). 
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4. Discussion and perspectives
We conclude that systems of resource allocation and 
energy conservation are components of those regulatory 
mechanisms shared by starvation resistance and longevity 
in adult Bicyclus butterﬂ ies. The responses of each of these 
traits to artiﬁ cial selection involve changes in many of the 
same suite of traits that contribute to the developmental 
plasticity of the seasonal polyphenism (also see Zijlstra et al 
2004). The ability of B. anynana to persist through periods of 
both plentiful and limited resources involves a combination 
of irreversible developmental plasticity and of facultative 
plastic responses in periods of acclimation in the adult.
Figure 5 illustrates a framework for thinking about 
how both the processes of plasticity cued by different 
environments in pre-adult development and those involved 
Figure 5. Phenotypic plasticity and the seasonal forms of Bicyclus butterﬂ ies. (A) Diagram illustrating the potential contributions of 
developmental plasticity and of adult acclimation, and of their interactions, to the capacity of B. anynana to survive and reproduce in 
seasons with different levels of stress. (B) Specimens of B. saﬁ tza illustrating the dry season form (dsf) and wet season form (wsf) to the left 
and right, respectively. The ventral wing surfaces are displayed whilst the butterﬂ ies are feeding on banana fruit. When resting inactively 
for a long time, individuals of the dsf withdraw their forewings a little between their hindwings, thus hiding the forewing posterior eyespot. 
These two butterﬂ ies are sisters. Although they are of similar genotype they differ in wing pattern because whereas the wsf individual was 
reared at 27
o
C, its dsf sister was switched to 17
o
C in the late larval stage, prior to pupation. The dorsal wing surfaces do not differ between 
the seasonal forms.
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in acclimation to changes in adult environments are crucial 
components of the adaptive responses of Bicyclus butterﬂ ies. 
Both sets of processes contribute to phenotypic differences 
found between the generations of adults ﬂ ying in alternating 
wet-dry seasons. There is an overlap in the sets of adult 
traits involved in these responses that probably reﬂ ects some 
shared components in the mechanisms of their regulation. In 
addition, whilst the major players in the hormonal regulation 
may differ across stages in the life cycle, for example from 
ecdysone around the pupal moult to juvenile hormone and 
insulin signalling in the adult stage, downstream pathways 
probably have more in common. Development of tools of 
functional and ecological genomics for B. anynana provides 
a rich promise for the further exploration of such issues 
(Beldade et al 2006, 2007). 
The apparent role of a syndrome of plasticity consisting 
of many interacting phenotypic traits with some sharing of 
underlying genetic and physiological networks may prove a 
general ﬁ nding when more systems are explored in which 
combinations of developmental plasticity and acclimation 
have evolved to enable persistence as generations of 
active adults in alternating seasons with differing levels 
and patterns of environmental stress. Such plasticity is 
clearly a deep-rooted property in the whole subfamily of 
satyrine butterﬂ ies that includes Bicyclus (Brakeﬁ eld and 
Larsen 1984; Brakeﬁ eld and Roskam, 1999; Brakeﬁ eld and 
Frankino 2007). The evolution of this phenomenon is in turn 
likely to have established strong axes of least resistance 
(Schluter 1996; Zijlstra et al 2004; Brakeﬁ eld 2006) along 
which populations will readily evolve whether experiencing 
different climates or climate change in the ﬁ eld, or artiﬁ cial 
selection for any constituent trait in the laboratory. It may 
be more difﬁ cult to move away from the phenotypic space 
represented by this axis. A new EU network called LifeSpan 
(www.lifespannetwork.nl) focusses on unraveling the axis 
itself, and in examining its relevance to the evolution of rates 
of ageing. It will also explore further the crucial interactions 
between the environments of development in early life and 
of the adult organism. To open up such systems in terms of 
the underlying genetic, physiological and developmental 
mechanisms requires a broad or integrated approach that 
considers responses of suites of traits in both favourable and 
stressful environments.
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